Sperm are motile cells. Thus, a significant component of the spermatogenic cycle is devoted to the formation of flagellum, a process that must be coordinated to insure proper construction. To document the temporal pattern of flagellar gene expression, we employed real-time PCR to assess changes in accumulation of a cohort of genes encoding axoneme, outer dense fibre (ODF) and fibrous sheath (FS) proteins during the first wave of spermatogenesis in the mouse. Axoneme genes were expressed first at the pachytene spermatocyte stage, followed by expression of transcripts encoding ODF and FS components. However, there were differences among these families with respect to the time of initial expression and the rate of mRNA accumulation. To gain understanding of factors that determine these patterns of expression, we cloned the promoters of three axoneme central apparatus genes (Pf6, Spag6 and Pf20). These promoters shared common features including the absence of a TATA box, and putative binding sites for several factors implicated in spermatogenesis (CREB/CREM, SOX17 and SPZ1) as well as ciliogenesis (FOXJ1). Collectively, our findings demonstrate a sequential pattern of expression of flagellar component genes, differential times of expression or rates of transcript accumulation within each class and shared promoter features within a class.
Introduction
Spermatogenesis encompasses a complex and tightly coordinated differentiation process leading to the generation of specialized motile haploid cells. Sperm motility is essential for fertilization in vivo, and the later stages of the spermatogenic cycle are devoted in large part to the remodelling of the germ cell cytoplasm and the formation of the flagellum, which is composed of a number of cytoskeletal elements whose proper assembly is critical for subsequent motility. Abnormalities in genes encoding flagellar proteins can cause infertility (e.g. primary ciliary dyskinesia) and it is, therefore, of interest to understand the regulation of their expression (Cowan et al., 2001; Chodhari et al., 2004) .
The axoneme, the motor driving the flagellar beat, extends continuously throughout the length of the flagellum and is composed of a '9 þ 2' array of microtubules and associated proteins (Fawcett, 1975; Oko et al., 1990) . The axoneme is surrounded by accessory structures in discrete subregions of the sperm tail. Nine outer dense fibres (ODF) surround the axoneme in the midpiece of the flagellum and are paired with the nine peripheral doublet microtubules, forming a '9 þ 9 þ 2' pattern. The mitochondrial sheath is helically wound around the ODF under the plasma membrane. Although the ODF extend through the principle piece of the tail, fibres 3 and 8 are replaced by the dorsal and ventral longitudinal columns of the fibrous sheath (FS) in this region. The columns are connected by numerous regularly spaced transverse ribs (Fawcett, 1975; Oko et al., 1990) . Toward the distal end of the flagellum, the ODF and the FS taper off, demarcating the endpiece of the tail. Proteins comprising both the ODF and the FS have been identified.
We have been interested in the genes that encode axonemal proteins, particularly those in the central apparatus, which is essential for normal flagellar function. The central apparatus is composed of two microtubules with attached projections and bridges that link the two microtubules (Goodenough and Heuser, 1985; Smith and Lefebvre, 1997) . Mutagenesis studies revealed that several genes (e.g. PF6, PF15, PF16 and PF20) encoding central apparatus proteins in the green algae Chlamydomonas reinhardtii are essential for flagellar motility, since their inactivation results in flagellar paralysis. It is notable that the two central tubules are structurally and biochemically dimorphic and by convention are given separate designations (e.g. C1 and C2). At least 10 different polypeptides are uniquely associated with the C1 microtubule (e.g. PF6 and PF16) and seven are unique to the C2 microtubule (e.g. PF20) (Dutcher et al., 1984) . This biochemical and structural asymmetry is believed to have functional significance with respect to the flagellar beat and waveform (Wargo and Smith, 2003) .
We have identified the mammalian orthologues of Chlamydomonas PF6, PF16 (SPAG6) and PF20, and discovered that both SPAG6 and PF20 are essential for normal sperm motility (Spag6) and spermatogenesis (Pf20) in the mouse through targeted mutagenesis Zhang et al., 2002) . Moreover, we have also found that the PF6, SPAG6 and PF20 proteins form an interaction network, which presumably links the central apparatus microtubules (C1 and C2) and their projections (the 1a projection) into a functional unit (Z. Zhang and J.F. Strauss III, unpublished observations) . In order to place the patterns of expression of these genes into the larger context of assembly of the mammalian sperm flagellum, we performed a quantitative analysis of expression of these axonemal protein genes and the ODF and FS genes in the mouse testis during the first wave of spermatogenesis using real-time quantitative PCR (QPCR). We also isolated the promoters of the murine Pf6, Spag6 and Pf20 genes and examined them for shared features, which might account for the coordinated patterns of expression revealed in our quantitative analysis of transcript abundance.
Materials and methods

Animals
Testes, lung, oviduct, uterus, brain, heart, liver, spleen, kidney and seminal vesicle were collected from C57Bl6/J mice (Charles River Laboratories, Wilmington, MA). Likewise, day 6, 8, 12, 16, 20, 30 and 42 (adult) testes were collected from C57B16/J male mice. CREM-deficient and Spag6-deficient mice and their wild-type littermates have been previously described (Blendy et al., 1996; Sapiro et al., 2002) .
RNA extraction, RT and QPCR
Total RNA was isolated from whole tissues (testes, lung, oviduct, uterus, brain, heart, liver, spleen, kidney and seminal vesicle) using TRIzol reagent (Invitrogen, Carlsbad, CA). Round spermatids were isolated from mixed germ cells using the Staput method as previously described (Travis et al., 1998) for RNA extraction.
RT and QPCR were carried out as previously described (Wood et al., 2003) . Briefly, total RNA (3 mg) was pretreated with DNase I (Promega, Madison, WI) and reverse transcribed with Moloney murine leukaemia virus (Promega) in the presence of random primers (Roche Diagnostics Corporation, Indianapolis, IN). Primers were designed for detection of axonemal, ODF and FS genes (Table I) using the Primer Express 2.0 software (PE Applied Biosystems, Foster City, CA) and tested empirically for the optimal primer concentration for detection of specific amplicons. QPCR reactions were carried out using equivalent dilutions of each cDNA sample and the 2 £ SYBR green master mix (PE Applied Biosystems). To account for differences in starting material, QPCR was also carried out for each cDNA sample using the Applied Biosystems 18S rRNA 20 £ primer and probe reagent (PE Applied Biosystems). In order to define the relative abundance of each transcript in each experimental group, analysis of the resulting QPCR reactions was carried out as previously described (Wood et al., 2003) . Briefly, the threshold cycle for each gene target and 18S rRNA in each cDNA sample was converted to an arbitrary value using a standard curve generated from serial dilutions of a sample containing high levels of the target transcript. The relative abundance of the target was divided by the relative abundance of 18S rRNA in each sample to generate a normalized abundance for each transcript in each sample.
Northern blot analysis
Total testicular RNA (20 mg) from wild-type and CREM-deficient mice was separated on a denaturing agarose gel transferred to Hyclone N þ membrane (Amersham Biosciences, Piscataway, NJ), and probed for CREM, ODF1, ODF2 and ODF3 RNA as previously described (Zhang et al., 2004) . The cDNA probes for CREM (5 0 -GAGGACAAATGTAAGGCAAAT-3 0 and 5 0 -GAGGGCCTTGAGTTCCTCAAT-3 0 ), ODF1 (5 0 -GGTACTCACAGAAC-AATAAGG-3 0 and 5 0 -CCTACAGGAGAATCGGCTTCC-3 0 ), ODF2 (5 0 -CAGAGCCTGCCGACCCAATTGCCC-3 0 and 5 0 -CTGCCTTGTTAAGGT-GTTGATGTC-3 0 ) and ODF3 (5 0 -GCTGCTCTAAGCCCATTCCTG-3 0 and 5 0 -CCACATCGACAACCAAGG GTG-3 0 ) were generated by PCR using the indicated primers.
Statistical analysis
Linear regression models were fit for each of the genes investigated as a function of mouse age and the relationship between relative abundance and day of sacrifice was assessed. A cubic model in time (day) was used for all models for comparability across models. The model for expression was:
Model fit was assessed by graphic visualization and comparison of model adjusted R 2 values. Ninety-five percent confidence boundaries about the predicted curves (dashed lines) were estimated for each predicted curve (solid line). Given the relative abundance that was 50% of the predicted maximum (horizontal line on graph), Y 50 , an estimate of the day this occurred, day 50 , was determined using Proc Model in SAS version 8.2 (SAS Institute Inc., Cary, NC, 2003) . The solution was restricted to lie within the range of the observed data, 0 # day # 42. The confidence interval (CI) about day 50 was computed in a similar fashion using the lower and upper boundaries about the Y 50 value (dashed lines).
Analysis of variance (ANOVA) methods were also employed to compare average expression levels at different ages. Pair wise comparisons between the groups were carried out using the Duncan's multiple range test. All expression levels were transformed to log(Y þ 1), where log signifies the natural NM_015773  TCTCCCCAGAGCCAAAGCT  GGACGCAATTCGTGCAGAT  Pf6  AY555275  AAACTTGGCGGGATGAGATCT  GGAATTTATTTCTGTGTCCTTGATACTG  Pf20  AF490391  CACAGAGTCTGTGTGTCCATACAAAG  GCCTCACTGGATATGACGAGT  Klp1  AK029506  GTCCTCTGGGATCATAAAAGACTCAT  CAGCGCCTGGTGGATCAG  Dnah7  Z83815  TGGATGACCACTCCTTCTCCAT  TGGCTGGCAAGGAATATGCT  Akap3  Fibrous sheath  NM_009650  ACGCCACTTTGACTTTGTAACCA  AAGACACCAATAAGGCTCATTCG  Akap4  U07423  TGCATTGTCTTGGCATTGCT  CAATAAGCGTTGTTGTGATCCTAGA  Odf1  Outer dense fibres  NM_008757  GCAAGAGGAGGCCAGAATTCT  CCTATCCCTACTGCCTCTGCTACT  Odf2  NM_013615  CTGCCTTGTTAAGGTGTTGATGTC  TCATGGCCTTGAAGGATACCA  Odf3  NM_027019  GTGCTGAGTCAAACACATACTTGGTA  CCGGGTGATTACTTTCCAGAGA  Crem  Transcription factors  NM_013498  AGCAGTAGTAGGAGCTCGGATCTG  CCTTGCCCCAAGTCACATG  Act  AK006414  ACTGGCGGTCTTGAAAGCA  GTGTGCAGCCTGCACCAA  Foxj1 L13204 GTCGATGCGCCAGAAACC GCCACAACCTGTCCTTGAACA log transformation. This was done to equalize the estimated variances across the groups. Differences in transcript abundance between the CREM-deficient mice and the wild-type mouse testis were evaluated using t-test. We considered a P value of ,0.05 to be significant. 5 0 Rapid amplification of cDNA ends (5 0 -RACE) 5 0 -RACE was carried out to define the 5 0 untranslated region sequence and transcriptional start site of the mouse PF20, PF6 and SPAG6 mRNAs using mouse testis poly (A) þ RNA and the Marathon cDNA amplification kit (Clontech, Palo Alto, CA) according to the manufacturers' instructions. Briefly, a primer was designed within the coding sequences of PF20 (5 0 -AGAAGCCACGAAGTCACCACAGGAGT-3 0 ), PF6 (5 0 -ATGACACAA-TACTGAAGAGTTTCCGC-3 0 ), or SPAG6 (5 0 -GCTGCAGTCTGTTGAAT-TGTTGGGAC-3 0 ) and used together with the Marathon cDNA adaptor primer to generate 5 0 -RACE products. The 5 0 -RACE products were cloned into the pCR2.1-TOPO TA vector and subjected to DNA sequence analysis.
Promoter constructs and transient transfections
Varying lengths of the Pf6 (2, 1.4 and 0.5 kb), Pf20 (2, 1.2 and 0.5 kb) and Spag6 (2, 1 and 0.5 kb) promoters identified based on the 5'-RACE data and genomic sequences in public databases were amplified by PCR and cloned into the pGL3 basic vector (Promega). Putative transcription binding sites in these promoter sequences were identified using the ConSite program (http:// mordor.cgb.ki.se/cgi-bin/CONSITE/consite/).
The activity of each promoter sequence was assessed using Madin Darby canine kidney (MDCK) cells (ATCC, Manassas, VA) and BEAS-2B human transformed bronchial epithelial cells (ATCC), which are cilia-bearing cells. Cells were maintained in Dulbecco's modified Eagle's medium (Invitrogen, Carlsbad, CA) with 10% bovine serum. About 24 h prior to transfection, 30 000 cells were plated in 12 well plates. Triplicate wells were transfected with 500 ng of the Pf6-2.0, Pf6-1.4, Pf6-0.5, Pf20-2.0, Pf20-1.2, Pf20-0.5, Spag6-2.0, Spag6-1.0, or Spag6-0.5 vector using Fugene 6 (Roche Diagnostics Corporation, Indianapolis, IN). In addition, 25 ng of the Renilla luciferase plasmid was transfected into each well to evaluate transfection efficiency. After 48 h, the cells were harvested and the promoter activity was measured with the Dual Luciferase Reporter Assay System (Promega, Madison, WI). 
Results
Temporal pattern of expression of genes encoding flagellar proteins
Genes encoding axoneme and accessory structure proteins are expressed in ciliated cells including sperm. Thus, to define the tissue specific expression of several of these genes including SPAG6, PF6, PF20, kinesin-like protein 1 (KLP1), dynein heavy chain 7 (DNAH7), ODF protein (ODF) 1, ODF2, ODF3, protein kinase A associated protein (AKAP) 3, and AKAP4 in germ cells (round spermatids) and testis, QPCR was carried out. In addition, the expression of these genes in the organs containing cilia-bearing cells (e.g. lung, oviduct, uterus and brain) was also measured. The mRNA levels of the axonemal central apparatus proteins PF6, SPAG6, PF20 and DNAH7, which is associated with the inner dynein arms of the nine outer doublet microtubules, were most prominent in round Figure 2 . Temporal expression of axonemal, ODF and FS genes during the first wave of spermatogenesis. The mRNA abundance of axonemal (A) SPAG6, PF6, PF20, KLP1, DNAH7; outer dense fiber (B) ODF1, ODF2, ODF3 and fibrous sheath (C) AKAP3 and AKAP4 mRNAs was determined in triplicate samples of RNA isolated from 6, 8, 10, 14, 18, 20, 30 and 42 day testis. The relative abundance of mRNA for each target (y-axis) is plotted against the age of the testis (x-axis). A predicted curve (solid line) based on a cubic model in time and the 95% confidence limits about the predicted curve (dashed lines) were drawn for each transcript. The day at which transcript abundance reached 50% of adult levels is indicated. spermatids and testis with lesser expression in lung, oviduct, uterus, brain and in few cases liver ( Figure 1A) . Transcript levels were undetectable in spleen, kidney and seminal vesicle. The expression of the central apparatus protein KLP1 (Yokoyama et al., 2004) was also high in the testis and round spermatids ( Figure 1A ). However, negligible levels of KLP1 mRNA were found in lung, oviduct and uterus while gene expression was detected in brain, liver and kidney. The mRNAs for the sperm flagellum accessory proteins (ODF1, ODF2, ODF3, AKAP3 and AKAP4) were primarily detected in the testis and round spermatids ( Figure 1B and C) .
Temporal expression of the genes encoding the axoneme and accessory structure proteins is likely coordinated to ensure the appropriate construction of a functional flagellum sperm. To test this hypothesis, the temporal pattern of flagellar gene expression during spermatogenesis was determined using QPCR. Total RNA was collected from mouse testis on day 6 (seminiferous epithelium containing only type A spermatogonia), day 8 (type B spermatogonia appear), day 10 (meiotic prophase starts), day 14 (early pachytene spermatocytes), day 18 (late pachytene spermatocytes), day 20 (haploid round spermatids), day 30 (condensing spermatids) and day 42 (adult testis) (Steiner et al., 1999) . The RNA was reverse transcribed and subjected to QPCR for the PF6, PF20, SPAG6, KLP1, DNAH7, ODF1, ODF2, ODF3, AKAP3 and AKAP4 mRNAs. The first day that a statistically significant increase in transcript level was detected was determined by ANOVA, and the day at which transcript abundance reached 50% of the adult level was determined by using a cubic model in time (day) for each gene (Figure 2 ). This provides a measure of the initiation of gene expression in the spermatogenic cycle and an index of how rapidly transcripts accumulate relative to the initiation of gene expression, reflecting both the rate of transcription and the rate of transcript degradation. A measure of variation among the triplicate samples for each time point was also obtained, which provides an index of how tightly the accumulation of transcripts is controlled.
Transcripts encoding the axonemal proteins, DNAH7 and KLP1, exhibited a significant increase in abundance on day 12, which is prior to the formation of pachytene spermatocytes while the mRNA levels of PF6, PF20 and SPAG6 increased on day 16 when pachytene spermatocytes are present (Figure 2A , Table II ). These patterns of axonemal gene expression were consistent with initiation of transcription during meiosis. The mRNA levels of ODF1 and ODF3 and the FS proteins AKAP3 and AKAP4 increased on day 20 when round spermatids are present ( Figure 2B and C, Table II ). This pattern of expression is consistent with post-meiotic gene expression. Interestingly, ODF2 transcript levels increased on day 16, suggesting that the Odf2 gene is expressed either very early after meiosis is completed or at the end of meiosis ( Figure 2B , Table II ). When the day of half maximal transcript abundance Y 50 ) was examined for each gene, there was a direct relation between the Y 50 and the first day of elevated transcript levels (Table II) . For example, the Y 50 for DNAH7 was 20.32 days while the Y 50 for ODF1 was 29.42 days. Furthermore, there was little variation in the transcript levels detected between triplicate samples indicating that the expression of these genes is tightly regulated (Figure 2 ). However, there were significant differences in the Y 50 for genes that exhibited the same day of first transcript increase. For example, the Y 50 for DNAH7 was 20.32 while the Y 50 for KLP1 was 24.25 and the Y 50 for SPAG6 (21.75 days) was less than the Y 50 for PF6 and PF20 (25.55 and 23.88, respectively) suggesting differences in the accumulation rate of these transcripts.
To validate the temporal pattern of gene expression of the axonemal, ODF and FS proteins that was determined by QPCR, the mRNA abundance of PF6, PF20, SPAG6, KLP1, DNAH7, ODF1, ODF2, ODF3, AKAP3 and AKAP4 was assessed in mice with a stage-specific arrest in spermatogenesis. Male mice nullizygous for the transcription factor CREM exhibit normal spermatogenesis until the early round spermatid stage, at which time the spermatids undergo extensive apoptosis (Blendy et al., 1996) . Thus, we compared the transcript levels of the flagellar genes in the testis of CREM-deficient and wild-type mice using QPCR. The mRNA abundance of the axonemal genes was not significantly different between CREM knockout and wild-type mice (Table III) . Conversely, ODF2 and ODF3 transcript levels were reduced approximately 50 and 33%, respectively, in the CREM-deficient mice while the ODF1, AKAP3 and AKAP4 mRNAs were reduced to negligible levels in the CREM knockout compared to wild-type mice. The differential expression of ODF1, ODF2 and ODF3 in the testis of CREMdeficient compared to wild-type mice was confirmed by Northern blot analysis (Figure 3) . Collectively, these data suggested that Odf1, Akap3 and Akap4 gene expression is initiated after the germ cells are depleted in the CREM-deficient mice, while Odf2 and Odf3 gene expression takes place during the time of germ cell loss in the CREM knockout mouse.
To begin to assess the role of CREM in the regulation of flagellar protein gene expression, the mRNA abundance of activator of CREM in testis (ACT) that specifically regulates CREM activity in the testis was determined. ACT mRNA abundance was significantly decreased in the testis of CREM-deficient mice compared to their wild-type littermates. Conversely, transcript levels for the transcription factor FOXJ1, also known as HFH-4, which is essential for ciliogenesis (Chen et al., 1998; Brody et al., 2000) , was not different in the CREM knockout mice. When the mRNA abundance of the axonemal, ODF and FS genes was compared between the SPAG6-deficient mice 
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and their wild-type littermates, only SPAG6 mRNA abundance was decreased (Table II) indicating that this axonemal protein does not influence the expression of other genes encoding flagellar proteins.
Transcriptional activity of the Pf6, Pf20 and Spag6 promoters
The transcript levels of PF6, PF20 and SPAG6 begin to increase on day 16 suggesting that the transcription of these three genes might be commonly regulated. To test this hypothesis, the sequences of the proximal promoters of the Pf6, Spag6 and Pf20 genes were cloned and their DNA sequences and compared using ConSite, a program that determines high probability binding sites for known transcription factors based on sequence analysis. Although there are two transcripts for the mouse Pf20 gene (PF20-long and PF20-short) (Zhang et al., 2004) , the promoter for the PF20-long transcript, which encodes the protein that localizes to the central apparatus was analysed in this study. The Pf6, Spag6 and Pf20 promoters lacked a canonical TATA box and had multiple transcriptional start sites. Each promoter had one potential CREB/CREM binding site near the transcriptional start sites, and multiple binding sites for the testisspecific transcription factor spermatogenic leucine zipper protein (SPZ1), SOX17 and the winged helix/forkhead homologue family member, HNF-3b (Figures 4 -6) . The presence of putative cis elements capable of binding CREB/CREM, SPZ1, SOX17 and A/Trich sequences that coincide with binding sites for members of the winged helix/forkhead family of transcription factors is consistent with the fact that these transcription factor families are implicated in spermatogenesis (CREM, SPZ1 and SOX17) and ciliogenesis (FOXJ1). However, the fact that Pf6, Spag6 and Pf20 gene expression was not altered in the testis of CREM-deficient mice indicates that CREM is not an essential transcription factor governing these genes. In addition to the shared repertoire of putative transcription factor binding sites, there were transcription factor binding sites specific to each promoter that could confer transcriptional specificity to each promoter. For example, the promoters for Spag6 and Pf20 but not Pf6 contained binding sites for Hunchback, which is a transcription factor that controls morphogenesis in Drosophilia melanogaster. Likewise, only the Pf6 promoter has a putative androgen receptor binding site, while only the Spag6 promoter contains a putative NF-kB binding site. The promoter sequences for Pf6, Pf20 and Spag6 were cloned into the pGL3 reporter vector and transfected into cilia-bearing cells. There are no male germ cell lines that could be used for these assays. Thus, two somatic cell lines, MDCK cells and BEAS-2B human transformed bronchial epithelial cells, which are both ciliabearing cells and, therefore, likely contain the repertoire of transcription factors required to activate transcription of the Pf6, Pf20 and Spag6 promoters were used for the transfection experiments. When the reporter vectors containing a portion of the Pf6, Pf20, or Spag6 promoter sequence were transfected into the MDCK and BEAS-2B cells, the firefly luciferase activity was increased compared to the empty vector (pGL3) (Figure 7) . While the activity of the shorter fragments of each promoters exhibited increased activity compared to the longer promoter fragments in BEAS-2B cells, the different promoter fragments had similar activity levels in the MDCK cells. When the promoter fragments were cloned in the opposite orientation there was no increase in the firefly luciferase activity compared to the empty vector (data not shown). Because the MDCK and BEAS-2B cells were grown under standard culture conditions (i.e. the cells were not polarized), the level of promoter activity observed may well be underestimated since transcription factors driving axoneme gene expression may not have been expressed at optimal levels.
Discussion
Spermatozoa are produced in a highly ordered sequence of events, which include mitotic, meiotic and post-meiotic events (Shima et al., 2004) . The assembly of the mammalian sperm flagellum is a multistep process that has been defined at the ultrastructural level. An axoneme forms in round spermatids lacking accessory structures. The longitudinal columns of the FS first appear during step 2 and continue to be assembled in a distal-to-proximal direction relative to the sperm head over an extended period (through step 17 in the rat) (Irons and Clermont, 1982b) . In contrast, the ribs appear during a shorter period of time in later stages of spermatogenesis (between steps 11 and 15). ODF formation begins later than FS assembly, starting at step 8 in the rat (Irons and Clermont, 1982b) . Fibres first develop in association with the microtubular doublets and then thicken and enlarge. Moreover, unlike the FS, the ODFs are assembled in a proximal-to-distal direction.
This study is the first to report the temporal expression of a collection of genes involved in the formation of the sperm flagellum during spermatogenesis utilizing QPCR. This sensitive and quantitative technique allowed us to identify the time at which a significant increase in the expression occurred. Our findings demonstrate that the genes encoding axonemal proteins are generally expressed before the genes encoding accessory structure proteins which is consistent with the timing of assembly and previous reports of expression, which was assessed by Northern blot analysis (Zhang et al., 2002) . However, there were some differences in the time of transcription increase and the rate of transcript accumulation within a cohort of genes encoding proteins incorporated into the specific flagellar structures. For example, transcripts for DNAH7 accumulated prior to those encoding the central apparatus proteins. Likewise, SPAG6 mRNA accumulated at a faster rate than transcripts for PF6 and PF20. These temporal differences in expression and rate of transcript accumulation may have relevance to the timing of assembly of flagellar structures. For example, SPAG6 interacts with both PF6 and PF20 (Zhang et al., 2002) . Thus, the assembly of SPAG6 into the central apparatus may be necessary for the subsequent organization of PF6 and PF20. However, it should be recognized that there is not always a direct temporal relationship between transcription and translation of germ cell genes.
Conversely, we detected a significant rise in transcript abundance of AKAP3 and AKAP4 on day 20 without noteworthy differences between the two. However, AKAP3 is synthesized early in round spermatids and incorporated into the FS concomitantly with the rib precursor. AKAP4, which makes up almost 50% of the protein in the FS extracted from mouse sperm, is synthesized and incorporated into the nascent FS late in spermatid development (Brown et al., 2003) . It is possible that both genes are expressed at the same time (early round spermatid stage), but that translation of AKAP3 mRNA occurs right after transcription while translation of AKAP4 message takes place at a later time (Brown et al., 2003) .
Expression of the genes encoding ODF proteins was previously determined to be during the post-meiotic phase of spermatogenesis (Hoyer-Fender et al., 1998; Beissbarth et al., 2003) . However, the increased sensitivity of the QPCR data revealed differential timing of ODF1, ODF2 and ODF3 expression. Specifically, transcription of the Odf2 gene was initiated by day 16, indicating expression at the pachytene spermatocyte stage while Odf1 and Odf3 gene expression was not initiated until day 20. Spermatogenesis in CREM-deficient mice terminates at the early round spermatid stage. Analysis of Figure 4 . Sequence of the mouse Pf6 promoter and putative transcription factor binding sites. Putative binding sites for transcription factors as determined by ConSite are indicated. Asterisks indicate potential transcription start sites which were determined by 5 0 -RACE. This promoter sequence was deposited in Gen-Bank (accession no. AY742709). transcript abundance by QPCR and Northern blot analysis in the testis of wild-type and CREM-deficient mice suggested that the Odf2 gene is transcribed first followed by expression of the Odf3 and Odf1 genes at a later time point, which is consistent with the temporal pattern of expression determined by the original QPCR data. Taken together, these data suggest that the earlier timing of ODF2 expression may relate to a possible role in meiosis where its capacity to bind to centrosomal microtubules could be exploited (Donkor et al., 2004) .
The genes encoding the axonemal central apparatus proteins PF20, PF6 and SPAG6 exhibited the same temporal pattern of gene expression. When the proximal promoters of these three genes were compared in silico, common transcription factor binding sites were defined. Furthermore, all three promoters were functionally active upon transient transfection into the cilia-bearing cell lines, MDCK and BEAS-2B. The fact that the Pf6, Spag6 and Pf20 promoters were functional in MDCK cells that produce a primary cilium lacking a central apparatus indicates that the transcriptional machinery, which drives expression of genes encoding the nine outer doublets and their associated proteins, can also contribute to expression of the genes encoding central apparatus components.
The promoters for Pf6, Pf20 and Spag6 contain consensus binding sites for transcription factors that are implicated in spermatogenesis including the CREB/CREM, SOX17, SPZ1 and HNF-3b. Cyclic AMP Figure 5 . Sequence of the mouse Spag6 promoter and putative transcription factor binding sites. Putative binding sites for transcription factors as determined by ConSite are indicated. Asterisks indicate potential transcription start sites, which were determined by 5 0 -RACE. This promoter sequence was deposited in GenBank (accession no. AY792595).
response elements respond to members of basic leucine zipper transcription family, which includes CREM. However, the normal levels of PF6, SPAG6 and PF20 mRNAs in the testis of CREM-deficient mice rules out a major role for CREM in the transcriptional regulation of these genes. SPZ1 is a basic helix-loop-helix-leucine zipper transcription factor that binds to the consensus bHLH binding site (Hsu et al., 2001) and has been implicated in spermatogenesis from misexpression studies in mice (Hsu et al., 2004) . SOX17, is an SRY-related protein that is highly expressed in testis and is thought to be a transcriptional activator in meiotic germ cells (Kanai et al., 1996) . HNF-3b is a member of the winged helix/forkhead gene family that includes the transcription factor FOXJ1 and, therefore, some of the putative HNF-3b binding sites are similar to the motifs identified for FOXJ1 responsive promoters (Lim et al., 1997) . Mice lacking FOXJ1 fail to develop cilia in all organs (Chen et al., 1998; Brody et al., 2000) . The target genes for many of these transcription factors (e.g. SPZ1, SOX17 and FOXJ1) in male germ cells remain largely unknown. Our discovery of potential SPZ1, SOX17 and FOXJ1 response elements in genes encoding central apparatus protein provides a set of candidate genes that may be regulated by these transcription factors. Although the elements identified are only putative cis elements, the shared repertoire of putative transcription binding sites suggests that there may be a combinatorial code of factors that regulates the timing and rate of transcription of these central apparatus genes. Figure 6 . Sequence of the mouse Pf20 promoter and putative transcription factor binding sites. Putative binding sites for transcription factors as determined by ConSite are indicated. Asterisks indicate potential transcription start sites, which were determined by 5 0 -RACE. This promoter sequence was deposited in Gen-Bank (accession no. AY742711). Figure 7 . Functional activitiy of the Pf6, Spag6 and Pf20 promoters in MDCK and BEAS-2B cells. MDCK (black bars) or BEAS-2B (white bars) cells were transfected with reporter plasmids containing fragments of the Pf6 (2, 1.4 and 0.5 kb), Pf20 (2, 1.2 and 0.5 kb), or Spag6 (2, 1 and 0.5 kb) promoters. The luciferase activity for each reporter plasmid in each cell type was expressed as the fold change compared to the empty vector (pGL3) and represents the mean^SEM from three independent experiments.
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